Mesons, PANDA and the scalar glueball by Parganlija, Denis
ar
X
iv
:1
31
2.
28
30
v2
  [
he
p-
ph
]  
19
 D
ec
 20
13
Mesons, PANDA and the scalar glueball
Denis Parganlija
Vienna University of Technology, Institute for Theoretical Physics
Wiedner Hauptstr. 8-10/E136, 1040 Vienna, Austria
E-mail: denisp@hep.itp.tuwien.ac.at
Abstract. The non-perturbative nature of Quantum Chromodynamics (QCD) at low energies
has prompted the expectation that the gauge-bosons of QCD – gluons – might give rise to
compound objects denoted as glueballs. Experimental signals for glueballs have represented a
matter of research for various collaborations in the last decades; future research in this direction
is a main endeavour planned by the PANDACollaboration at FAIR. Hence in this article I review
some of the outstanding issues in the glueball search, particularly with regard to the ground
state – the scalar glueball, and discuss the relevance for PANDA at FAIR.
1. Introduction
Approximately five decades ago a truly remarkable number of new, strongly interacting reso-
nances was discovered leading way to a new direction in the development of nuclear physics
(a non-exhaustive list of the relevant articles is presented in Ref. [1] and further work can be
traced in the Particle Data Tables [2]). These discoveries coincided with the appearance of many
renowned articles in theoretical physics – a selection of which can be found in Ref. [3] – that
represented a basis for the development of a theory of strong interactions. The most viable
approach was subsequently found to be the one where “the strong interactions are described by
an unbroken gauge theory based on tricolored quarks and color octet vector gluons, with color
supposed to be entirely confined, so that quarks are fractionally charged” with the suggestion
that “a good name for this theory is quantum chromodynamics (QCD)” [4].
Quantum Chromodynamics has various interesting features, one of the most important of which
is a scale-dependent coupling [5] of such nature that, at higher energies, it leads to weaker in-
teractions between the relevant degrees of freedom – quarks and gluons. Conversely, at lower
energies, quarks and gluons are confined into more macroscopic structures: hadrons. According
to the total spin J , hadrons are divided into mesons (that possess integer spin) and baryons
(that possess half-integer spin). Determination of hadron properties from Quantum Chromody-
namics is a highly non-trivial task due to the inapplicability of perturbative approaches in the
energy region where hadrons emerge. A circumvention of this problem is introduced by effective
models containing the so-called “constituent” quarks and gluons that, in the particular case of
mesons, allow for the particle classification as quarkonia (q¯q, see Ref. [6] and references therein),
tetraquarks (q¯q¯qq [7]), hybrids (constituent quarks with excited gluon degrees of freedom [8])
and others.
The non-Abelian nature of QCD implies gluon self-interaction that is governed by the same
scale-dependent coupling as in the quark sector. Hence the natural expectation is that, analo-
gously to quarks, the gluons also bind into composite objects – the glueballs [9].
There are at least two important reasons to consider glueballs as low-energy degrees of free-
dom in QCD:
• Glueball mass is generated exclusively by the gluon self-interaction. The Higgs mechanism
does not contribute to the mass generation of glueballs rendering them uniquely suitable
for the research of the strong interaction.
• Gluons are vector particles and hence glueballs possess integer spin. This implies that
glueballs belong to the meson spectrum – and therefore the meson spectrum can only be
complete if the spectrum of glueballs is known.
As already noted, glueballs have long been subject to experimental and theoretical research. In
general, low-energy mesons are mainly produced in these channels [6, 10]:
• antiproton-proton (p¯-p) collisions [11]
• proton-proton (p-p) collisions [12, 13]
• electron-positron annihilation into J/ψ or ϕ(1020) and their subsequent decay into further
meson resonances [14]
• pion-nucleon scattering reactions [13, 15].
A glueball state is expected to be preferably produced in radiative decays and to possess a
strongly suppressed γγ decay (or a strongly suppressed production in the γγ collisions).
On the theory side, there are various means suitable for the glueball identification. These
range from effective models [9, 16] to lattice QCD [17] and holographic-QCD approaches [18].
However, a clear experimental signal for a glueball can only be obtained if the resonance has a
strongly suppressed mixing to other states with the same quantum numbers. Otherwise the glue-
ball search can become massively complicated, as we illustrate in the following on the example
of the scalar glueball.
2. The scalar glueball
Scalar mesons are QCD degrees of freedom that possess quantum numbers JPC = 0++, where
J is the total spin, P represents parity and C is the charge conjugation; mesons with isospin
I = 0 are denoted as isoscalars.
PDG data suggest the existence of five IJPC = 00++ states in the energy region up to 1.8 GeV:
f0(500) or σ, f0(980), f0(1370), f0(1500) and f0(1710) [2]. At the level of quantum numbers, all
the mentioned states are viable candidates for the scalar glueball. Then the glueball should be
identified by analysing (i) the production mechanism and (ii) the decay channels.
For the production mechanism, the situation is as follows [2]:
• Produced in radiative decays: fulfilled by f0(980), f0(1500) and f0(1710).
• Not seen in γγ collisions: fulfilled by f0(1500) and f0(1710).
Then f0(1500) and f0(1710) appear to be the strongest candidates for the scalar glueball since
they fulfill both of the above criteria. At this point, let us briefly comment on the above γγ data
since they are of great importance for the glueball search and also since they allow us to illustrate
experimental ambiguities in the f0 sector. The main reason to include f0(1500) and f0(1710)
into the above list is the fact that there was a notable absence of both of these states in the
γγ data analysed by the ALEPH Collaboration in 2000 [19]. Contrarily, an independent search
by the L3 Collaboration – that approximately coincided with the ALEPH results – observed a
clear signal for f0(1710) while no signal was found for f0(1500) [20]. These are currently the
best, and the latest, experimental data containing negative results on photon coupling of the f0
states, but they do not appear to be conclusive.
Hence the expectation might be that the decay channels of the f0 resonances should provide us
with more clear-cut results for the glueball identification. The reason is that, in the case of the
unbroken flavour symmetry, one can calculate exact decay-width ratios valid for a glueball state
without mixing to states containing quarks (“pure glueball”). Then, for example, the ratio of
the pion decay width to the kaon decay width is 3/4.
Unfortunately, neither the data on f0(1500) nor those on f0(1710) follow this expectation:
• The f0(1500) resonance decays predominantly into pions (2pi and 4pi) whereas the kaon
decay is suppressed; the ratio Γf0(1500)→pipi/Γf0(1500)→KK ≃ 4 [2].
• The f0(1710) resonance decays predominantly into kaons and the pion decay is suppressed;
the ratio Γf0(1710)→pipi/Γf0(1710)→KK ≃ (0.2 − 0.4), depending on collaboration [6].
These results demonstrate clearly that there is no exclusive glueball state in the scalar sector –
one can only identify a resonance that is predominantly a glueball. Then, as already indicated,
various model calculations have to be utilised in order to study mixing patterns of the pure
glueball with q¯q, q¯q¯qq and other states [9, 16]. Lattice results [17] are also of extreme impor-
tance, especially since the inclusion of dynamical quarks has become more prominent; realistic
approaches in holographic QCD can be very helpful to the cause as well [18].
However, there is a further complication: the possible existence of a new scalar state, f0(1790).
3. The f0(1790) resonance and PANDA
The BES II Collaboration claimed the existence of the new f0(1790) resonance in 2004 [21].
The mass and the decay width of the resonance were determined by the Collaboration to be
mf0(1790) = 1790
+40
−30 and Γf0(1790) = 270
+60
−30 MeV, respectively. The stated large decay width
implies a strong overlap with f0(1710). However, there is a clear point of distinction between
the two resonances: as already mentioned, f0(1710) is reconstructed predominantly in the kaon
decay channels whereas f0(1790) is reconstructed predominantly in the pion decay channels.
The distinction between f0(1710) and f0(1790) is further ascertained by their production
mechanism that involves J/ψ decays [21]: (i) J/ψ → ϕK+K−; (ii) J/ψ → ϕpi+pi−; (iii)
J/ψ → ωK+K−; (iv) J/ψ → ωpi+pi−. The f0(1710) resonance is reconstructed from the
decays (i) and (iii) whereas the decays (ii) and (iv) allow for the reconstruction of f0(1790).
Then assuming f0(1710) and f0(1790) to be the same resonance leads to a contradiction: such a
resonance would have to possess a pion-to-kaon-decay ratio of 1.82± 0.33 according to reactions
(i) and (ii) and, simultaneously, the pion-to-kaon-decay ratio < 0.11 according to reactions (iii)
and (iv) [21]. That is obviously not possible – and hence the BES II data suggest f0(1710) and
f0(1790) to represent two distinct resonances.
Let us now discuss the importance of this statements for the PANDA experiments at FAIR.
The PANDA Collaboration intends to study interactions between antiprotons and fixed-target
protons and nuclei in the momentum range of 1.5-15 GeV with the stated goal of exploring the
spectroscopy of glueballs, multiquark and exotic states [22].
The search for glueballs is an extremely important endeavour of the Collaboration since, as
already indicated, these states offer a unique insight into the strong interaction. However, there
are numerous complications along this path, exhibited for example in the case of the ground
state – the scalar glueball.
This state will inevitably have strong mixing with mesons of q¯q, q¯q¯qq and other structures.
Nonetheless, it is extremely important to identify the scalar glueball since otherwise the glueball
spectrum would not be complete. In this case, however, one must bear in mind that the most
basic condition for the identification is to ascertain the number of the scalar states. In the light
of the BES II data, it is then of extreme importance for the PANDA Collaboration to search
for, and confirm – or disprove – the existence of, the f0(1790) resonance since, if this resonance
exists, it will inevitably overlap with the scalar glueball.
4. Conclusions
Glueball search is one of the most interesting challenges for the future PANDA experiments.
These particles are expected to be generated by the strong interaction and therefore the
determination of their spectrum is of extreme importance for our understanding of low-energy
QCD. The determination of the ground, scalar, state is imperative for the completeness of the
glueball spectrum. Due to the mixing of the pure glueball state with other mesons that have the
same quantum numbers, the scalar glueball can only be reliably identified if all scalar mesons
(f0 resonances) are known. At present, it is not clear whether this is the case: the existence of
a new resonance denoted as f0(1790) has been suggested by the BES II data locating f0(1790)
exactly in the energy region where the scalar glueball is expected. Hence it is very important
for the existence of f0(1790) to be confirmed or disproved – and the PANDA Collaboration is
in a unique position to perform that task.
Acknowledgments
I am very grateful to D. Bugg, F. Giacosa, S. Janowski, P. Kovacs, A. Rebhan, D. H. Rischke
and Gy. Wolf for extensive discussions regarding meson spectroscopy.
References
[1] L. D. Roper, Phys. Rev. Lett. 12, 340 (1964); G. T. Hoff, Phys. Rev. Lett. 12, 652 (1964); J. H. Christenson,
J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev. Lett. 13, 138 (1964). H. C. DeStaebler, E. F. Erickson,
A. C. Hearn and C. Schaerf, Phys. Rev. 140, B336 (1965); B. H. Bransden, P. J. O’Donnell and
R. G. Moorhouse, Phys. Rev. 139, B1566 (1965); L. Bertanza, A. Bigi, R. Carrara and R. Casali, Nuovo Cim.
A 44, 712 (1966); E. W. Anderson, E. J. Bleser, G. B. Collins, T. Fujii, J. Menes, F. Turkot, R. A. Carrigan
and R. M. Edelstein et al., Phys. Rev. Lett. 16, 855 (1966); K. J. Foley, R. S. Jones, S. J. Lindenbaum,
W. A. Love, S. Ozaki, E. D. Platner, C. A. Quarles and E. H. Willen, Phys. Rev. Lett. 19, 397 (1967);
C. M. Ankenbrandt, A. R. Clark, B. Cork, T. Elioff, L. T. Kerth and W. A. Wenzel, Phys. Rev. 170, 1223
(1968); J. W. Lamsa, N. M. Cason, N. N. Biswas, I. Derado, T. H. Groves, V. P. Kenney, J. A. Poirier and
W. D. Shephard, Phys. Rev. 166, 1395 (1968); R. J. Miller, S. Lichtman and R. B. Willmann, Phys. Rev.
178, 2061 (1969); S. P. Almeida, J. G. Rushbrooke, J. H. Scharenguivel, M. Behrens, V. Blobel, I. Borecka
and H. C. Dehne et al., Phys. Rev. 174, 1638 (1968); T. C. Bacon, F. Bomse, T. B. Borak, T. B. Cochran,
W. J. Fickinger, E. R. Goza, H. W. K. Hopkins and E. O. Salant, Phys. Rev. Lett. 22, 43 (1969).
[2] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012) and 2013 partial update for the 2014
edition.
[3] M. Gell-Mann and MLevy, Nuovo Cim. 16, 705 (1960); Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122,
345 (1961); T. H. R. Skyrme, Proc. Roy. Soc. Lond. A 260, 127 (1961); M. Gell-Mann, Phys. Lett. 8,
214 (1964); F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964); P. W. Higgs, Phys. Lett. 12, 132
(1964); G. S. Guralnik, C. R. Hagen and T. W. B. Kibble, Phys. Rev. Lett. 13, 585 (1964); S. Weinberg,
Phys. Rev. Lett. 17, 616 (1966); M. Gell-Mann, R. J. Oakes and B. Renner, Phys. Rev. 175, 2195 (1968);
S. R. Coleman, J. Wess and B. Zumino, Phys. Rev. 177, 2239 (1969); J. S. Bell and R. Jackiw, Nuovo Cim.
A 60, 47 (1969); R. P. Feynman, Phys. Rev. Lett. 23, 1415 (1969); S. J. Brodsky and G. R. Farrar, Phys.
Rev. Lett. 31, 1153 (1973); G. ’t Hooft, Nucl. Phys. B 72, 461 (1974); K. G. Wilson, Phys. Rev. D 10,
2445 (1974); S. Weinberg, Phys. Rev. D 13, 974 (1976); R. D. Field and R. P. Feynman, Phys. Rev. D 15,
2590 (1977).
[4] H. Fritzsch, M. Gell-Mann and P. Minkowski, Phys. Lett. B 59, 256 (1975).
[5] D. J. Gross and F. Wilczek, Phys. Rev. Lett. 30, 1343 (1973); D. J. Gross and F. Wilczek, Phys. Rev. D 8,
3633 (1973); H. D. Politzer, Phys. Rev. D 9, 2174 (1974); H. D. Politzer, Phys. Rept. 14, 129 (1974).
[6] D. Parganlija, arXiv:1208.0204 [hep-ph].
[7] R. L. Jaffe, Phys. Rev. D 15, 267 (1977).
[8] T. Barnes, F. E. Close, F. de Viron and J. Weyers, Nucl. Phys. B 224, 241 (1983).
[9] R. L. Jaffe and K. Johnson, Phys. Lett. B 60, 201 (1976); C. Rosenzweig, A. Salomone and J. Schechter,
Phys. Rev. D 24, 2545 (1981); A. Salomone, J. Schechter and T. Tudron, Phys. Rev. D 23, 1143
(1981); R. Konoplich and M. Shchepkin, Nuovo Cim. A 67, 211 (1982); C. Rosenzweig, A. Salomone
and J. Schechter, Nucl. Phys. B 206, 12 (1982) [Erratum-ibid. B 207, 546 (1982)]; A. A. Migdal and
M. A. Shifman, Phys. Lett. B 114, 445 (1982); H. Gomm and J. Schechter, Phys. Lett. B 158, 449 (1985);
R. L. Jaffe, K. Johnson and Z. Ryzak, Annals Phys. 168, 344 (1986).
[10] D. Parganlija, J. Phys. Conf. Ser. 426, 012019 (2013) [arXiv:1211.4804 [hep-ph]].
[11] C. Amsler et al. [Crystal Barrel Collaboration], Phys. Lett. B 291, 347 (1992); C. Amsler et al. [Crystal
Barrel Collaboration], Phys. Lett. B 322, 431 (1994); D. V. Bugg, V. V. Anisovich, A. Sarantsev and
B. S. Zou, Phys. Rev. D 50, 4412 (1994); C. Amsler et al. [Crystal Barrel Collaboration], Phys. Lett. B
340, 259 (1994); C. Amsler et al. [Crystal Barrel Collaboration], Phys. Lett. B 355, 425 (1995); A. Bertin et
al. [OBELIX Collaboration], Phys. Lett. B 408, 476 (1997); C. Amsler et al. [Crystal Barrel Collaboration],
Phys. Lett. B 639, 165 (2006).
[12] T. Akesson et al. [Axial Field Spectrometer Collaboration], Nucl. Phys. B 264, 154 (1986); A. Breakstone
et al. [Ames-Bologna-CERN-Dortmund-Heidelberg-Warsaw Collaboration], Z. Phys. C 48, 569-576 (1990);
F. Antinori et al. [WA91 Collaboration], Phys. Lett. B 353, 589 (1995); D. Alde et al. [GAMS Collaboration],
Phys. Lett. B 397, 350 (1997); D. Barberis et al. [WA102 Collaboration], Phys. Lett. B 453, 316 (1999)
[arXiv:hep-ex/9903043]; R. Bellazzini et al. [GAMS Collaboration], Phys. Lett. B 467, 296 (1999).
[13] T. A. Armstrong et al. [WA76 Collaboration], Z. Phys. C 51, 351 (1991).
[14] C. Edwards, R. Partridge, C. Peck, F. Porter, D. Antreasyan, Y. F. Gu, W. S. Kollmann, M. Richardson et
al., Phys. Rev. Lett. 48, 458 (1982); R. M. Baltrusaitis et al. [MARK-III Collaboration], Phys. Rev. D 33,
1222 (1986); T. Bolton et al., Phys. Lett. B 278, 495 (1992); R. R. Akhmetshin et al. [CMD-2 Collaboration],
Phys. Lett. B 462, 380 (1999) [arXiv:hep-ex/9907006]; M. Ablikim et al. [BES Collaboration], Phys.
Lett. B 598, 149 (2004) [hep-ex/0406038]; M. Ablikim et al. [BES Collaboration], Phys. Lett. B 607,
243 (2005) [arXiv:hep-ex/0411001]; F. Ambrosino et al. [KLOE Collaboration], Eur. Phys. J. C 49, 473
(2007) [hep-ex/0609009].
[15] B. Hyams, C. Jones, P. Weilhammer, W. Blum, H. Dietl, G. Grayer, W. Koch, E. Lorenz et al., Nucl.
Phys. B 64, 134 (1973); H. Becker et al. [CERN-Cracow-Munich Collaboration], Nucl. Phys. B 151, 46
(1979); D. Alde et al. [Serpukhov-Brussels-Los Alamos-Annecy(LAPP) Collaboration], Phys. Lett. B 182,
105 (1986); D. Alde et al. [GAMS Collaboration], Eur. Phys. J. A 3, 361 (1998); E. M. Aitala et al. [E791
Collaboration], Phys. Rev. Lett. 86, 770 (2001) [hep-ex/0007028].
[16] P. Minkowski and W. Ochs, Eur. Phys. J. C 9, 283 (1999) [arXiv:hep-ph/9811518]; F. Giacosa, T. .Gutsche,
V. E. Lyubovitskij and A. Faessler, Phys. Lett. B 622, 277 (2005) [hep-ph/0504033]; Phys. Rev. D
72, 094006 (2005) [hep-ph/0509247]; Phys. Rev. D 72, 114021 (2005) [hep-ph/0511171]; D. Parganlija,
F. Giacosa and D. H. Rischke, Phys. Rev. D 82, 054024 (2010) [arXiv:1003.4934 [hep-ph]]; S. Janowski,
D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D 84, 054007 (2011) [arXiv:1103.3238 [hep-ph]];
P. Chatzis, A. Faessler, T. Gutsche and V. E. Lyubovitskij, Phys. Rev. D 84, 034027 (2011) [arXiv:1105.1676
[hep-ph]]; D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa and D. H. Rischke, Phys. Rev. D 87, 014011 (2013)
[arXiv:1208.0585 [hep-ph]].
[17] C. Morningstar and M. J. Peardon, AIP Conf. Proc. 688, 220 (2004) [arXiv:nucl-th/0309068]; M. Loan,
X. Q. Luo and Z. H. Luo, Int. J. Mod. Phys. A 21, 2905 (2006) [arXiv:hep-lat/0503038]; E. B. Gregory,
A. C. Irving, C. C. McNeile, S. Miller and Z. Sroczynski, PoS LAT2005, 027 (2006) [arXiv:hep-lat/0510066];
Y. Chen et al., Phys. Rev. D 73, 014516 (2006) [arXiv:hep-lat/0510074].
[18] C. Csaki, H. Ooguri, Y. Oz and J. Terning, JHEP 9901, 017 (1999) [hep-th/9806021]; R. C. Brower,
S. D. Mathur and C. -I Tan, Nucl. Phys. B 587, 249 (2000) [hep-th/0003115]; G. F. de Teramond and
S. J. Brodsky, Phys. Rev. Lett. 94, 201601 (2005) [hep-th/0501022]; N. Evans, J. P. Shock and T. Waterson,
Phys. Lett. B 622, 165 (2005) [hep-th/0505250]; H. Boschi-Filho, N. R. F. Braga and H. L. Carrion, Phys.
Rev. D 73, 047901 (2006) [hep-th/0507063].
[19] R. Barate et al. [ALEPH Collaboration], Phys. Lett. B 472, 189 (2000) [hep-ex/9911022].
[20] M. Acciarri et al. [L3 Collaboration], Phys. Lett. B 501, 173 (2001) [hep-ex/0011037].
[21] M. Ablikim et al. [BES Collaboration], Phys. Lett. B 607, 243 (2005) [arXiv:hep-ex/0411001].
[22] M. F. M. Lutz et al. [PANDA Collaboration], arXiv:0903.3905 [hep-ex].
